In this study different methods of sludge pre-treatment with elevated temperatures and pH have been selected for investigation. Five sets of sludge samples were pretreated as follows: heating at 70°C for 30 min, at 80°C for 20 min, at 90°C for 10 min, at 100°C for 5 min and NaOH-treatment (pH 12 for 4 hours). For comparison a sample from Tallinn WWTP (3:1 mixture of primary (dry solids 5.2%) and activated sludge (dry solids 0.5%)) was used. Extra-thermophilic pre-treatment increased the degree of hydrolyses of sludge, enabling the following anaerobic digestion process to proceed faster than that of raw sludge. However, extra-thermophilic pre-treatment was insufficient for removal of nitrogen and phosphorous. Nitrogen can be easily solubilized during extra-thermophilic pre-treatment but solubilization of phosphorous occurs only through digestion. The production of biogas during anaerobic digestion was also dependant on the quality of the input of pre-treated sludge. The highest cumulative volume of biogas (124 mUg COD added) was achieved by pre-treatment at 80°C. The percentage of mineralization of pre treated sludges on mesophilic digestion was the highest with 90°C sample -65.9%.
INTRODUCTION
Sludge handling represents 30-40% of the capital cost and about 50% of the operating cost of many wastewater treatment facilities [I] . Hence several pre-treatment methods are used and investigated in order to make sludge handling processes more cost-effective -to achieve a shorter sludge retention time in an anaerobic digester, to increa se the biogas yield etc, also to achieve a better hygienization effect Study and application of anaerobic thermophilic hygienization and other pre-treatment methods of residual sludge would allow the use hygienized and stabilized sludge in agriculture. In Estonia anaerobic stabilization of residual sludge has been applied only in Tallinn and Narva WWTPs. Our previous studies have indicated that thermal pre-treatment (as the first stage of anaerobic digestion process) is the optimal method, considering the requirements for energy, hygienization effect and yield of mineralization of organic matter [2, 3] . Thermal pre treatment was the most efficient method as to additional solubilization of total suspended solids (TSS) and their subsequent anaerobic decomposing. The conditions leading to the greatest increase in the degree of biodegradation and in gas production, were anaerobic thermophilic (+65°C) pre-treatment with hydraulic retention time (HRT) 15 hours and extra-thermophilic (+70°C) pre-treatment with HRT 0.5 hours [3, 4) . About 50% of total organic matter of sludge was solubilized and a high specific biogas production (around 0.5 m 3 /kg COD added) was obtained [2] .
In the literature, various pre-treatment techniques have been reported in recent years. Kim et al. compared several pre-treatment methods -thermal (121 °C for 30 min), chemical (7 g L-1 NaOH addition), ultrasonic (42 kHz for 120 min) and thermochemical (121 °C for 30 min, 7 g L-1 NaOH addition) methods [5] . The latter, conditioning of sludge using a basic agent at elevated temperature, was found to be the most favorable as it had the best effect on COD solubilization (up to 80%) and the highest increase in biogas production (up to 37.8%). All pre-treatment methods reduced particle size, especially thermal and thermochemical pre-treatments. The level of soluble protein was also most increased after chemical and thermochemical pre-treatment [5] . Also by data of Vlyssides et al thermochemical treatment at pH 10 and t ;?: 80o° C increased the solubilization of organic matter (COD) significantly until the eighth hour of hydrolysis, when about 80% of solubilization was achieved [l].
Gavala et al investigated the effect of pre-treatment at 70°C on the subsequent mesophilic (37°C) or thermophilic (55°C) anaerobic digestion of prim ary and second ary sludges [6] . The pre-treatment step showed very positive effect on the methane potential and production rate upon subsequent thermophilic digestion of primary sludge. Pre-treatment of secondary sludge followed by mesophilic and thermophilic digestion influenced mostly methane production rate, whereas methane potential was positively influenced only if mesophilic digestion followed. The higher methane potential of primary sludge as compared to secondary sludge and the different effects of pre-treatment in each case were explained by the different composition of two types of sludges. Primary sludge is composed mainly of carbohydrates (55%) while secondary sludge consists for the most part of bacterial cells, characterized by higher protein content (36%), The integrity of bacterial cells impedes biological decomposition of secondary sludge as by theory thermal pre-treatment should destroy the cell walls and make the proteins accessible for biological degradation [7] . The presented results suggest that selection of pre-treatment duration as well as temperature of the subsequent anaerobic step for sludge stabilization should depend on the composition of the sludge.
Lafitte-Trouque & Forster found that although ultrasound (23 kHz, 47 W, 90 s) and y irradiation (90 s, 500 krad) substantially increased the concentrations of soluble organic matter, no significant improvement was observed on the anaerobic digestion of thickened waste activated sludge neither at mesophilic nor at thermophilic temperatures [8] . However, a significant improvement was seen in the hourly biogas production study at the therrnophilic temperature with an HRT of 10 days over the first eight hours, y lrradiation gave better disinfecting effect than sonification by means of reduction of faecal coliforms. Low frequency and high-intensity ultrasonic treatment of sewage plant sludge disrupts floes and lyses bacterial cells. This results in efficient release of free and interstitial water containing organic matter and therefore reduction in particle volume. Gonze et al mention that for a given dissipated energy level, the greater is the initial volume fraction, the greater is the quantity of solubilized organic matter. (9] . The limiting factor is the probability of contact between the cavitation bubble and a microorganism, However, carrying out ultrasound treatment directly upstream of a settling or filtration step seems impossible because ultrasound has a drastically deleterious effect on the settleability and filtration parameters. (9] .
The main potential advantages expected for the two-step anaerobic treatment (with pre treatment) are better control of both acidogenic and methanogenic steps; smaller size of first stage reactor, higher suspended solids removal efficiency and higher methanogenic specific activity in the second reactor. Thus the objectives of this study were: -to determine the effects of different pre-treatment methods on the digestibility -to determine the compositional changes during anaerobic mesophilic digestion.
MATERIALS AND METHODS
Five sets of sludge samples were pretreated as follows: heating at 70e° C for 30 min, at 80e° C for 20 min, at 90e° C for 10 min, at 100e° C for 5 min and NaOH-treatment (pH 12 for 4 hours). For high pH adjustment sodium hydroxide (NaOH) is more effective than lime [ 1 O] and thus we used it for alkaline pre-treatment For comparison a sample from Tallinn WWTP (3:1 mixture of primary (dry solids 5.2%) and activated sludge (dry solids 0.5%) was used (see Table 1 ).
Testing of the effectiveness of pre-treatment was performed in batch mode with mesophilic digestion -75% pre-treated sample + 25% anaerobic sludge from working methane tank. After pre-treatment process all the reactors were placed into thermostat to mesophilic temperature (36 ±1e° C). The laboratory-scale equipment is shown in Figure] . It consisted of five 1000 mL flasks equipped with outlets for sampling and gas collection. Each reactor was connected to gas collection bottle that was used to record the daily biogas production volume. Cumulative biogas production during the 24-day period was used to evaluate the digester performance under different operating conditions. From raw sludge and pretreated sludges the following chemical analyses were performed at the beginning and at the end of mesophilic digestion, according to the standard methods [l 1 ]: a) in sludge suspension -mineralization, N 1o1 (N14-N), P 1o1 , COD; b) in the liquid phase (supernatant, 3000 rpm, 10 min) -mineralization, VF As, N 1o1 (N14-N), P 1o1 , COD, total dissolved solids (IDS);
At the end of the experiment gas samples were taken for analyses of C�, COi, H2, NH3 on FT-IR spectrometer Gasmet Dx 4005. 
RES UL TS AND DISCUSSION

Pre-treatment
The effect of pre-treatment methods (thermal and chemical) is presented on the figures below. Influence of pre-treatment and mesophilic digestion on the solubilization of organic matter and biogenic compounds in residual sludge is shown in Figure 2 .
The highest level of soluble compounds was released from sludge during 90°C thermal pre-treatment and made thus potentially available to subsequent bacterial degradation. This was observed for COD, nitrogen and phosphorus as well. Concentration of solubilized phosphorus compounds was the highest for pH pretreated sludge sample. With increasing solubilization of organic substances, more volatile solids (VS) become biodegradable and the amount of total dry matter decreases. From the point of view of effectiveness of sludge management this is undoubtedly a positive effect. However, solubilization of bounded nitrogen (as NI-Li J and phosphorus may lead to a problem of crystalloid structure formation (struvite sedimentation) in the subsequent sludge dewatering process [12] .
As a result of pre-treatment the concentrations of soluble COD, soluble P 101 , N 10 1, and VFA increased, but concentrations of P 101 , N 101 and COD in suspension decreased. Up to 43% degradation of organic matter (by total dissolved solids, TDS) in the subsequent mesophilic anaerobic treatment was achieved (see Figure 4 ).
During pre-treatment most of proteins are converted into VF As and ammonia and as a consequence their content in reactors increased. Additional amounts of VF A-s significantly influence the further biodegradation processes. 
Changes during anaerobic digestion.
Effects of anaerobic digestion on pre-treated sludge were compared with effect of anaerobic digestion on untreated sludge sample from Tallinn WWTP, mixture of primary and activated sludge. Influence of pre-treatment together with mesophilic digestion on the removal and accumulation of organic matter and biogenic compounds in residual sludge is presented in Figure 3 .
During mesophilic digestion, the content of VF As in the medium decreased, with exception of samples pretreated at 100e° C and by elevated pH. Taking into account the biogas production it could be suggested that occasional developments in the microbial biogeocoenosis influenced unfavorably VF A-degrading consortia in the sample pretreated at I 00e° C. Another explanation could be formation of Maillard reaction products (melanoidins) (13] . At its early stages this reaction involves condensation of reducing sugars (carbonyl groups) with amino acids (free amino groups) followed by formation of Amadori rearrangement product. Depending on environmental conditions (pH, water content) the subsequent degradation of the latter will lead finally to formation of melanoidins -brown nitrogenous polymers, slowly degradable organic compounds.
In the pH-treated sample, the VFA degradation was inhibited throughout the experiment.
On mesophilic digestion the percentage of mineralization of pre-treated sludges is slightly higher that that of raw sludge with the exception of treatment at 90e° C (see Figure 4) . It is presumable that the increase in mineralisation could occur only at the expense of organic material consumed, an ap proximate measure of which is the percentage of total dissolved solids (TDS) decreased during mesophilic digestion. The high value for the pH-treated sample is brought about by the high concentration of NaOH used to adjust the pH.
About 75-80% of the biogas was produced during the first 2 weeks (see Figure 5 ). Cumulative amounts of biogas were the highest for samples pretreated at 70e° C and 80e° C, exceeding the biogas yield of non-pretreated sludge. Cumulative amounts of biogas of other sets were lower than that of non-pretreated sludge. For samples of pH-pre-treatment and 90e° C, intensive evolvement of biogas started a week later than for other sets. In the sample containing sludge pretreated at 100e° C the biogas emission ceased at day 10 after rapid increase in the first days of the experiment. This h appen ed probably due to the fast accumulation ofeVFA-s in the medium, as shown in Figure 3 . To a lesser extent, VFA-s accumulated also into the pH-pretreated sample, which reverberated in a lesser biogas yield. It could be concluded, that the influence of thermal pre-treatment on the biogas yield is generally positive, but in self-developing micro-ecosystems of sludge the impact of uncontrollable, random factors on the microbial associations could play the decisive role for the outcome.
�· =
, ::f �� The nitrogen and phosphorus content in the liquid phase increased after digestion. The concentration of nitrogen (soluble and suspension) was near anaerobic process inhibitory level. As it is known relative concentrations of dissolved and ionised ammonium are dictated by the system pH. At high pH values unionised form of N-ammonia dominates, and this form is more inhibito 7 than the ion. The inhibition level of ammonia concentration starts at 1 500 mg L. [ 14] . Hence additional amounts of ammonia are not suitable to compensate the deficiency of nitrogen. The methane content of the biogas produced varied within a range of 25 7 53% for different test conditions (see Table 2 ). Thermophilic pre-treatment at 90 °C increased the proportion of H 2 and CRi in biogas. On the basis of laboratory experiments, anaerobic thermal pre-treatment could be recommended as a perspective pre-treatment method of residual sludge for WWTPs. 
CONCLUSION
• The comparison of lab scale research results to industrial WWTPs data showed that single step digestion under mesophilic conditions with thermal pre-treatment (+80°C) of sufficient retention time showed remarkable results. Thermal pre-treatment with short retention times decreased the retention time of mesophilic process considerably -down to 12 days.
• Using thermal pre-treatment followed by anaerobic mesophilic digestion, the methane content of biogas varied within a range of 25..,..53% for different test conditions and the percentage of total dissolved solids (TDS) digested in 20 days was 43%. Thermophilic pre-treatment at 90 °C increased the proportion of H 2 and C� in biogas.
• Thermal hydrolysis process gives complete energy recovery, i.e. as compared to conventional anaerobic sludge treatment, more energy is produced (in the form of CH.i and H 2 ) than is needed for running the sludge stabilization system.
• Thermophilic pre-treatment increases the degree of hydrolyses of sludge; anaerobic digestion of the pre-treated sludge proceeds faster than that of raw sludge. However, on mesophilic digestion the percentage of mineralization of pre-treated sludges was only slightly higher than that of raw sludge with the exception of treatment at 90°C (65.9%).
• Anaerobic thermophilic pre-treatment of sludge is insufficient for removal of N and P, as N can be easily solubilized during thermophilic pre-treatment, solubilization of P occurs only during digestion. Increased concentrations of nutrients (N, P) in supernatant are lead back to the influent of the wastewater treatment system.
